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Abstract
The OPERA experiment has been designed to perform the ﬁrst detection of neutrino oscillations in the νμ → ντ channel
in direct appearance mode, through the event by event detection of the tau lepton produced in ντ charged current inter-
actions. OPERA is a hybrid detector, made of emulsion/lead target elements and of electronic detectors, placed in the
CNGS muon neutrino beam from CERN to Gran Sasso, 730 km away from the source. Neutrino interactions from the
CNGS neutrino runs were recorded from 2008 until the end of 2012. We report on the data sample analysed so far and
give the latest OPERA results on νμ → ντ and νμ → νe oscillation searches.
c© 2011 Published by Elsevier Ltd.
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1. Introduction
The 3-ﬂavour oscillation framework and the PMNS matrix describe with success the major results from
solar, atmospheric, reactor and neutrino beam experiments. However most of the results have been obtained
from neutrino disappearance phenomena involving muon and electron neutrinos and anti-neutrinos. For the
ultimate conﬁrmation of the whole theoretical framework the oscillation picture needs to be proved also in
the diﬀerent ﬂavour appearance modes. OPERA [1] is a long baseline neutrino experiment located in the
Gran Sasso underground laboratory (LNGS) in Italy. The collaboration is composed of about 140 physicists
coming from 28 institutions in 11 countries. The experiment is a massive hybrid detector with nuclear
emulsions used as very precise tracking devices and electronic detectors to locate the neutrino interaction
events in the emulsions. It was designed to primarily search for ντ appearance in the CERN high energy
νμ beam CNGS [2] at 730 km from the neutrino source, in order to establish unambiguously the origin of
the neutrino oscillations observed at the ”atmospheric” Δm2 scale. The preferred hypothesis to describe this
phenomenon being νμ → ντ oscillation.
In addition to the dominant νμ → ντ oscillation, the sub-leading νμ → νe transition occurs as well due
to the non zero θ13 mixing angle. This process is also investigated by OPERA proﬁting from its electron
identiﬁcation capabilities. This allows also to study possible non standard oscillation process.
The ντ direct appearance search is based on the observation of events produced by charged current in-
teractions (CC) with the τ lepton decaying in leptonic and hadronic modes. The principle of the OPERA
experiment is to observe the τ trajectory and its decay products in stacks of emulsion ﬁlms each composed of
two thin emulsion layers (44 μm thick) put on either side of a plastic base (205 μm thick). The detector con-
cept which is described in the next section combines micrometer tracking resolution with large target mass.
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This concept allows good lepton identiﬁcation and eﬃcient rejection of the main topological background
coming from charm production in νμ charged current interactions.
2. The CNGS beam and the OPERA detector
The CNGS neutrino beam [2] is a high energy wide band conventional νμ beam designed to maximise
the ντ charged current interactions at Gran Sasso produced by oscillation mechanism at the atmospheric
Δm2. The mean neutrino energy is about 17 GeV with a contamination of 2.1% νμ, 0.9% νe and less than
0.06% of νe. Using the CERN SPS accelerator in a shared mode with ﬁxed target experiment and with
LHC, a total intensity of 18x1019 protons on target (pot) have been delivered from 2008 to december 2012.
The 400 GeV protons were extracted from the SPS accelerator by 2 fast extractions lasting 10.5 μs each
and separated by 50 ms per SPS cycle. With an average of 2x1013 protons per extraction the corresponding
average beam power over the running period amounts to 160 kW with a maximum of 480 kW achieved [3].
Figure 1 summarizes the performance of the CNGS beam by showing the integrated proton on target
intensity as a function of time during the 5 years of physics running. The record perfomances were achieved
in 2011 while 2012 was lower than in the previous years, mainly because the proton intensity per extraction
was decreased due to radiation limits in the accelerator complex.
Fig. 1. Integrated CNGS delivered proton on target intensity as a function of the time since 2008.
After travelling 730 km in the earth crust the neutrino produced at CERN arrived at the INFN Gran Sasso
underground laboratory in Italy. The laboratory is located at an average rock overburden of 3700 m.w.e. It
consists of three large experimental halls with the longest axis oriented towards CERN.
The OPERA detector is installed in the Hall C. Figure 2 shows a picture of the detector which is 20
m long with a cross section of about 8x9 m2 and composed of two identical parts called super modules
(SM). Each SM has a target section and a muon spectrometer. The spectrometer allows a determination
of the charge and momentum of crossing muons by measuring their curvature in a dipolar magnet made
of 990 tons of iron, and providing 1.53 Tesla magnetic ﬁeld transverse to the neutrino beam axis. Each
spectrometer is equipped with six vertical planes of drift tubes as precision tracker together with 22 planes
(8x8 m2) of RPC bakelite chambers reaching a spatial resolution of ∼1 cm and an eﬃciency of 96%. The
precision tracker planes are composed of 4 staggered layers of 168 aluminium tubes, 8 m long with 38 mm
outer diameter. The spatial resolution of this detector is better than 500 μm. The physics performance of
the complete spectrometer reduces the charge confusion to less than 0.3% and gives a momentum resolution
better than 20% for momentum less than 50 GeV. The muon identiﬁcation eﬃciency reaches 95% after
adding the target tracker information for the cases where the muons stop inside the target.
The target section is composed of vertical light supporting steel structures, called walls, interleaved with
double layered planes of 6.6 m long scintillator strips in the two transverse directions. The main goals of this
electronic detector are to provide a trigger for the neutrino interactions, an eﬃcient event pattern recognition
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Fig. 2. View of the OPERA detector in Hall C of the Gran Sasso Underground Laboratory.
together with the magnetic spectrometer allowing a clear classiﬁcation of the ν interactions and a precise lo-
calisation of the event. The electronic target tracker spatial resolution reaches ∼0.8 cm and has an eﬃciency
of 99%.
The walls contain the basic target detector units, called ECC brick, which are stacks of 56 lead plates inter-
leaved with 57 emulsion ﬁlms. This structure provides a massive target coupled to a very precise tracker,
as well as a standalone detector to measure electromagnetic showers and charged particle momentum using
the multiple coulomb scattering in the lead [4]. Tracks segments are reconstructed using automated micro-
scopes with angle and position resolutions of 2 mrad and 0.21 μm, respectively. Downstream of each brick,
an emulsion ﬁlm doublet, called Changeable Sheet (CS) is attached in a separate plastic envelop. The CS is
detached from the brick for analysis to conﬁrm and locate the tracks produced in neutrino interactions.
3. Event Analysis
The OPERA event analysis detailed in [5] proceeds in several steps starting by the acquisition of events
generating a trigger in the electronic detectors in time coincidence with the CNGS spills. An on-line ﬁlter-
ing is applied to keep the events with suﬃcient number of hits in the target tracker planes and to remove
background from random noise. Using the target tracker and spectrometer information the events are recon-
structed and classiﬁed as charged current-like (CC) or neutral current-like (NC).
A total of 17.97x1019 protons on target (pot) have been collected by OPERA since 2008 which is to 20%
less than what was foreseen in the experiment proposal [6].
With a trigger eﬃciency of 99%, a pure sample of 106422 on time events were recorded: about 60% are
from neutrino interactions in the rock surrounding the detector and about 20% are interactions occuring in
the spectrometer. The remaining 20% yields 19505 contained events of which 83% are fully reconstructed
in the target. Table 1 summarises the characteristics of the collected data sample during the CNGS running
years.
year protons on target SPS eﬃciency beam days ν interactions
2008 1.74 x1019 61 % 123 1931
2009 3.53 x1019 73 % 155 4005
2010 4.09 x1019 80 % 187 4515
2011 4.75 x1019 79 % 243 5131
2012 3.86 x1019 82 % 257 3923
Table 1. Summary of the collected data sample, the number of beam days and interactions in the target during the 5 year running
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3.1. Interaction location and vertex reconstruction
For contained events, namely those with the neutrino interaction occuring in the target, a brick ﬁnding
algorithm based on the energy deposition in the target tracker strips and on muon track information (if
available), is applied to deﬁne a three dimensional probability map for the brick vertex localisation. The
identiﬁed brick is then extracted using automated brick manipulators located on each side of the experiment.
The CS ﬁlm is scanned to conﬁrm the vertex in the corresponding brick. If so, the emulsions in the brick are
developped and sent to emulsion scanning laboratories in Europe and Japan hosting high speed automated
optical microscopes. This last step is the start of the detailed event analysis for the neutrino vertex location
and decay kink topology reconstruction in the vertex region.
In order to optimise the search for νμ → ντ oscillation, the scanning strategy has evolved with time. The
oscillation results shown in this paper are based on the analysis of 2008 and 2009 data with up to 2 bricks
per event without preselection or muon momentum cut, while the 2010-2011-2012 data sample includes
only the highest probable brick for NC-like events and CC-like events with an upper muon momentum cut
of 15 GeV. This pre-selected sample corresponds to about 64% of the whole data set.
The vertex location is performed by following back the predicted tracks from the CS ﬁlm doublets inside
the brick taking into account mutliple coulomb scattering and measurement error eﬀects. This ’scanback’
procedure is stopped when the track is not seen in three consecutive ﬁlms. A detailed volume scan is then
perfomed around the stopping point deﬁned by a transverse area of 1 cm2 for 5 ﬁlms upstream and 10 ﬁlms
downstream. After rejecting passing through tracks and short tracks, tracks pointing to an interaction vertex
are searched for in the corresponding volume. The mean eﬃciency to locate a neutrino interaction vertex is
about 74% for CC-like events and 48% for NC-like events, compatible with the expected values from Monte
Carlo studies [5].
Once a vertex has been identiﬁed in the volume scan data a decay search procedure aiming at detecting
the decay topologies of tau leptons or charm hardons is performed. A decay signature can be associated to
a daughter track with a large impact parameter or with a signiﬁcant kink with respect to a primary track.
3.2. Charm hadron production
The charm hadron production is an important process to control the performance and the eﬃciencies
of the analysis for identifying tau decays and validate the decay search procedure. The charm topology is
similar to the tau lepton one for what concerns the mass, the decay modes and the lifetime with the exception
of the muon produced at the primary interaction vertex. By analysing the 2008 to 2010 data sample, a total of
50 charm events have been observed with an expectation of 55 ± 5 events. Table 2 summarises the observed
and expected events in the diﬀerent charm decay channels. The background events originate mostly from
hadronic interactions (87%), the rest coming from long lived hadron decays (Kos and Λ).
topology observed events MC expected events
charm background total
Charged 1-prong 19 20 ± 3 9 ± 3 29 ± 4
Neutral 2-prongs 22 15 ± 2 3.8 ± 1.1 19 ± 2
Charged 3-prongs 5 5 ± 1 1.0 ± 0.2 6 ± 1
Neutral 4-prongs 4 0.8 ± 0.2 < 0.1 0.8 ± 0.2
Total 50 41.1 ± 4 14 ± 3 55 ± 5
Table 2. Summary of the observed and expected charm events in the diﬀerent decay channels.
Figure 3 shows the comparison of the data with the MC prediction for the charm impact parameter
distribution, the decay length and the angle in the transverse plane between the muon track and the parent
track. The agreement is very good for both the shapes and the total yields of the charm events.
This result validates the procedures of the tau search analysis chain with a systematic uncertainty on
eﬃciencies not exceeding 20%.
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Fig. 3. Distributions of the impact parameter (left), decay length (middle) and angle in the transverse plane between the muon and the
parent (right) of the charm events. The dots are the OPERA data and the histograms are Monte Carlo predictions for the charm and
background events. of the impact parameter.
4. νμ → ντ oscillation analysis
The three main background sources are:
• the νμ CC charm production (4% of CC) with missing or mis-identiﬁed μ but with similar lifetime and
missing transverse energy decays.
• large angle coulomb scattering of μ
• nuclear interactions of hadrons (0.2% of NC)
The kinematical variables used to reduce the background sources are the ﬂight length, the total transverse
momentum of τ daughters with respect to the τ direction, the missing transverse momentum at the primary
vertex and the φ angle of the τ with respect to the hadronic shower in the beam transverse plane.
Applying the kinematical selection criteria described in [5] three tau candidate events have been ob-
served in the analysed data sample with an expected background of 0.22 dominated by the charm in the
electron and 3-prong decay channels.
The ﬁrst tau candidate was published [7] in 2010 based on the analysis of 35% of 2008/2009 data sample.
The event characteristics are compatible with a tau decaying into a rho meson (τ− → ρ−ντ with subsequent
ρ− → π−πo). The tau decay length is 1335 ± 35 μm with a kink angle of 41 ± 2 mrad
Fig. 4. Event display of the second (left) and third (right) tau candidates observed in OPERA
The second tau candidate was collected in 2011; the topology is compatible with a 3-prong tau decay
(τ− → h+h−h−ντ ) with a ﬂight length of 1446 ± 10 μm. Figure 4 (left) shows the event display of this
candidate event. The distributions of the angle φ of the τ with respect to the hadronic shower in the beam
transverse plane and the kink angle are shown in ﬁgure 5. The histograms represent the MC expectation
for the τ → h+h−h−ντ channel after selection. The dashed line shows the measured values of the observed
event.
The third tau candidate was recorded in 2012; it shows a topology compatible with a leptonic tau decay
(τ− → μ−νμντ ) with a ﬂight length of 376 ± 10 μm and a kink angle of 245 ± 5 mrad. Figure 4 (right)
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Fig. 5. Distributions of the φ angle of the τ with respect to the hadronic shower in transverse plane to beam (left) and the kink angle
(right) for the τ− → h+h−h−ντ channel. The dashed lines show the measured values of the second tau candidate.
shows the event display of this event. The kinematical distributions of the φ angle of the τ with respect
to the hadronic shower in the beam transverse plane and the muon momentum are shown in ﬁgure 6. The
histograms represent the MC expectation for the τ− → μ−νμντ channel after selection. The vertical lines
show the measured values of the observed event.
Fig. 6. Distributions of the φ angle of the τ with respect to the hadronic shower in transverse plane to beam (left) and the muon
momentum (right) for the τ− → μ−νμντ channel. The vertical lines show the measured values of the third tau candidate.
The probability for the 3 candidate events to be explained by background ﬂuctuation was estimated to
be 7.3x10−4. The updated and ﬁnal results on this three event analysis have been published in [8]. From the
latter the no-oscillation hypothesis is excluded at 3.4 σ.
5. νe appearance search
The good electron identiﬁcation and tracking capabilities of emulsions allow to study the νe charged
current interactions and therefore to search for νe appearance from νμ → νe oscillations. Given the long
baseline and the high energy of the νμ beam, OPERA can investigate possible non standard oscillation
process producing additional νe for Δm2 > 0.1eV2. The analysis reported here and described in [9] uses the
data collected in 2008 and 2009 corresponding to 5.25 x 1019 pot. A total of 19 νe events were found in this
data sample. The expected number of events consists of 19.3 ± 2.8 events from νe beam contamination and
0.5 ± 0.2 background events from τ→ e and from mis-identiﬁed πo.
In the 3-ﬂavour oscillation scenario with sin2(2θ13) = 0.098 an additional 1.4 events is expected from
νμ → νe oscillation. Figure 7 shows the reconstructed energy distribution of these events compared to the
expected reconstructed energy spectra from the various sources described above.
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Fig. 7. Distribution of the reconstructed energy of the νe events, and the expected spectra from the the various sources discussed in the
text.
To increase signal to background ratio an additional cut on the electron energy < 20 GeV is applied.
It results in 4 observed events with 4.6 background expected. Therefore, the number of observed events is
compatible with non oscillation hypothesis with an upper limit sin2(2θ13) < 0.44 at 90% Conﬁdence Level.
Beyond the three-neutrino paradigm the observation of 19 νe events with 19.8 ± 2.8 expected allows to
set an upper limit on non standard νμ → νe oscillation parameter sin2(2θnew) where the oscillation probability
in the one mass scale dominance approximation is given by sin2(2θnew) sin2(1.27Δm2newL/E). To optimize
the result an upper cut on the electron energy is set at 30 GeV. The 90% upper limit on sin2(2θnew) reaches
7.2 x 10−3 for large Δm2new. Figure 8 shows the OPERA exclusion plot in the parameter space together with
existing limits from previous experiments.
Fig. 8. Exclusion plot for the parameters of the non standard νμ → νe oscillation obtained from the νe appearance search analysis.
Details can be found in [9]
6. Summary and conclusions
OPERA has recorded events corresponding to 18x1019 pot delivered by the CNGS beam from 2008 to
2012 which is about 80% of the nominal expected intensity.
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Results obtained with about 64% of the data set analysed have been reviewed. In the νμ → ντ channel 3
candidates were observed with 2.2 signal + 0.22 background expected, giving a 3.4 σ signiﬁcance to reject
the null oscillation hypothesis.
The νμ → νe oscillation search resulted in 19 νe events observed with 19.4 expected. This analysis
allowed to set a bound on non standard neutrino oscillation with sin2(2θnew) < 7.2x10−3 at 90% CL.
The emulsion scanning and the data analysis are still ongoing. More statistics is expected and interesting
events are already under investigation. At the time of the preparation of these proceedings a 4th ντ event has
been already announced by the Collaboration. This candidate event, whose τ decays into a hadron, has been
found in the 2012 data set of neutral current-like events.
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